A B S T R A C T Stimulation of endocytosis is a very early effect of thyrotropin on thyroid. However, the relationship of the endocytotic process to the many other thyrotropin effects on thyroid is not clearly defined. Since phagocytosis in isolated thyroid cells is a presumed model for in vivo endocytosis of colloid, we induced phagocytosis in isolated thyroid cells by incubating them at 370C with 0.109-i' diameter polystyrene microbeads; phagocytosis was confirmed in each experiment by electron microscopy and/or spectrophotometric analysis of dioxane cell extracts. Cells incubated with 50-100-/h diamneter polystyrene macrobeads (too large to ingest) served as controls. Microbead-induced phagocytosis in isolated thyroid cells was consistently accompanied by increases in: (a) cyclic 3',5'-adenosine monophosphate-14C formation from adenine-8-14C (66%); (b) iodide-'I trapping (40%); (c) protein and RNA synthesis (30%); (d) phospholipogenesis (50%); (e) a-aminoisobutyric acid-1-'4C uptake (150%). 50-to 100-/A diameter polystyrene macrobeads did not influence cell function in any of these experiments. Aminotriazole, 5 X 10' M, a peroxidase inhibitor, blocked the stimulatory effect of microbead-induced phagocytosis on phospholipogenesis only. These studies indicate that in isolated thyroid cells the phagocytotic process, per se, may alter activity of the membrane-bound adenyl cyclase enzyme. The resultant increase in cyclic 3',5'-adenosine monophosphate may be a triggering mechanism for (some) subsequent metabolic changes occurring during phagocytosis. Since these changes mimic those induced by thyrotropin, it is suggested that a variety of thyrotropin effects on thyroid may be secondary to stimulation of colloid resorption and hormone secretion.
INTRODUCTION
Stolc and Tong (1) reported stimulatory effects of induced phagocytosis on iodinating activity in thyroid cells. We report here the results of studies with isolated bovine thyroid cells which indicate that induced phagocytosis has a variety of stimulatory effects on isolated cell function. METHODS
The isolated bovine thyroid cell suspension was prepared by the method of Edmonds, Row, and Volpe (2) using an intermittent trypsinization technique. The isolated cells were suspended in a volume of Eagle's minimum essential medium (MEM)1 with Hanks' salts and 15% fetal calf serum, sufficient to obtain a concentration of 1.0 X 107 to 2.0 X 107 cells/ ml. Contamination by leukocytes was estimated to be < 200 cells/ml, i.e., < 0.001%.
Iodide trapping. 'I uptake in thyroid cells was measured in the manner of Edmonds et al. (2) as previously reported (3) .
The iodide-concentrating activity of the thyroid cells was expressed as the cell-to-medium ratio of ""I (C/M ratio).
C/M ratio cpm of '31I/ml packed cells (references 2, 3). cpm of 131I/ml medium 1  89  78  71  58  49  41  2  95  83  73  59  47  39   3  93  79  73  61  48  38  4  89  77  70  63  47  42  5  94  81   72  60  46  39  6  92  82  74  63  49  37 Six replicate 2-ml portions of Krebs-Ringer bicarbonate buffer containing 0.1 % bovine serum albumin and 0.1 Ci cyclic AMP-3H were fractionated as previously described (4, 5) . The amount of radioactivity was determined after every operation and the recovery based on the radioactivity in the initial portion.
Recovery studies with cyclic AMP-8H [see Table I , Humes et al. (4) ] revealed that the over-all recovery exclusive of cellulose chromatography was 47.6±1.0% (Table  I) ; in view of the high reproducibility of these findings, recovery standards were not routinely run.
Formation of cyclic AMP-14C was calculated as previously described (5) .
Measurement of protein and RNA synthesis. Leucine-"C incorporation into protein in 0.2-ml isolated thyroid cells was measured by the method of Tong (6) ; RNA synthesis in 0.2-ml isolated thyroid cells was measured by the method of Wilson and Wright (7) using uridine-'H. Total protein was determined by the method of Oyama and Eagle (8) ; RNA was estimated spectrophotometrically by the method of Fleck and Begg (9) . Results Tong (10) . A blank incubation (no cells) was carried out in each experiment. The 14CO2 collected from this blank ranged from 300 to 500 cpm and was subtracted from each of the other 14CO2 assays. Phospholipogenesis. uP incorporation into cell phospholipids was based on the methods of Tong (6) and Oka and Field (11) . 0.1-ml packed cells (0.8-1.2 X 10' cells) were suspended in 3 ml Eagle's basal medium balanced with Earle's salts containing 5 AeCi/ml orthophosphate-32P and 1 mg/ml glucose. The suspension was saturated with 95% 0-5% C02.
The samples, in sealed sterile 80 X 16-mm polypropylene tubes, were incubated for 90 min in a horizontal position at 370 C in a Dubnoff metabolic shaker. The incubation was terminated by the addition of 3 ml ice-cold 20% trichloroacetic acid (TCA) and the mixture centrifuged for 5 min at 120 g. The precipitate was then washed twice with 3 ml of 10% TCA. Supernates from subsequent serial extractions of the precipitate8 with 3 ml each ethanol, ethanol-ether [1: 1] and ether were pooled together and radioactivity was determined using 0.5 ml of this mixture in 10 ml of a scintillation mixture containing 10% naphthalene, 0.7% 2,5-diphenyloxaincrease in cyclic AMP-"C content of cells previously incubated with adenine-14C is physiologically relevant and is a valid index of adenyl cyclase activity.
'Adtinof tracer quantities of orthophosphate-'P to the TCA precipitate did not influence 'P counts in the ethanolether extract.
zole, 0.03% 1,4-bis [2-(5-phenyloxazolyl) ]benzene, and 0.4% thixotropic gel in dioxane. Results are expressed as 'P cpm/ 106 cells. a-Aminoisobutyric acid transport. Measurement of a-aminoisobutyric acid-1-"C (AIB-1-4C) accumulation in 0.2-ml isolated thyroid cells was carried out using the procedure described by Tong (10) as reported elsewhere (12) .
As was the case in iodide-'I studies, the C/M values for AIB-1-1'C were not corrected for the error due to contamination of packed cells with noncellular material (see Tong [10] (microbeads) latex beads had the characteristic absorption spectrum of polystyrene (18) [19] ), the estimate rises to 0.6%o. Accordingly, it seems reasonable to conclude that cell volume was not materially changed by incubation with the polystyrene microbeads.
Iodide trapping. In isolated thyroid cells, phagocytosis of latex beads (10 to 200 /4 10% microbead suspension added to incubation medium at 0 time) was consistently accompanied by a 10-40% increase in cell iodide-'I trapping which was evident within 15 min of incubation and was directly related to the quantity of microbeads added to cells (Fig. 3) . Prolonging the incubation period beyond 90 min or increasing the volume of added microbead suspension above 200 Al resulted in no further increase in 'I C/M ratios.
In the presence of 50 /4 of microbead suspension, polystyrene content of these cells varied from 176±15 to 235±16 isg polystyrene/106 cells during incubation periods ranging from 15 to 90 min. 'I C/M ratios of cells incubated for 15-90 min with 10-200 / 10% xnacrobead suspension were the same as those measured for cells incubated with 'I in the absence of beads.
NaClO, 2 mm, abolished iodide trapping in isolated thyroid cells in the presence or absence of added latex microbeads. No microbead effect on 'I C/M ratios was observed in the presence of dinitrophenol, 2 X 10' M.
During incubation periods of 60 min or less, TSH was without significant effect on cell iodide trapping. During 30-and 60-min incubations, the addition of TSH to the incubation medium significantly inhibited the stimulatory effect of latex microbeads on cell iodide trapping (Fig. 4a ) Modest stimulatory TSH effects were observed at 90 min; combinations of maximally effective concentrations of TSH (20) and microbeads had an additive or near-additive effect on cell iodide trapping at 90 min and a synergistic effect at 180 min of incubation (Fig.  4b) (Fig. 5) . In the presence of 25 and 50 Al of microbead suspension, polystyrene uptake by these cells during the 10 min adenyl cyclase incubation was measured at 106±11 ug/10 cells and 138±17 ,g/10 cells, respectively. Cyclic AMIP-14C formation in cells incubated for 10 min with 1-100 /4 10% macrobead suspension was the same as that observed in cells incubated in the absence of beads.
When adenyl cyclase activity was measured in thyroid cells incubated with both TSH (25-100 mU/ml) and microbeads (1-100 Al), no additive effect on labeled cyclic AMP formation was observed; rather, the more potent TSH effect was "inhibited," the reduction in TSH effect becoming more marked as microbead volume was increased (Fig. 6) . That the reduction in TSH effect was not due to TSH adsorption by the latex microbeads was shown in experiments where TSH (100 mU/ml) and microbeads (25 ---------------------- Protein and RNA synthesis. During a 90 min incubation, microbead-induced phagocytosis in isolated thyroid cells was associated with a 10-30% increase in protein and RNA synthesis; although the increase appeared related to the quantity of xnicrobeads employed, no true "dose-response" relationship could be established (Table  II) . Microbead effects on protein and RNA synthesis were additive with those of TSH and DBcAMP, even at maximally effective concentrations (Table III t The probability of significant interaction between groups was established by factorial arrangement of treatments (17) . § Significantly (P < 0.05 to P < 0.01) greater than control.
by puromycin (5 X 10' M) and actinomycin D (20 /g/ ml), respectively. Glucose-1-24C oxidation. Although Tong (10) and Maayan and Ingbar (21) reported stimulation of glucose oxidation in isolated thyroid cells in response to TSH (10) and catecholamines (21), we were unable to demonstrate any stimulatory effect of TSH [in concentrations up to 500 mU/ml] in our system and only a 10-20% increase in 14CO2 production in the presence of 10' M epinephrine (six separate experiments). In none of these cell preparations did the addition of latex microbeads At) augment glucose-l-'C oxidation above control levels, although the cell polystyrene uptake (140-312 lg/l0 cells) did not differ from that observed in other experiments.
"p Incorporation into phospholipids. During a 90 min incubation, microbead-induced phagocytosis in isolated thyroid cells was associated with a (microbead) concentration-related increase in 'P incorporation into phospholipids ( Fig. 7 a) in these experiments ml), cell phospholipogenesis was consistently reduced 10 Al added microbead below that seen with microbeads alone (P < 0.01). MaxIs (100 A1 added mi-imally effective concentrations of microbeads (100 id) lid not influence basal and TSH (100 mU/ml) combined had no additive effect Igenesis.
on '3P incorporation into cell phospholipids (Fig. 8) . he presence of maxi-Heat-inactivated TSH (700C, 1 hr) or human growth microbeads (100 l) hormone (0.5 mg/ml) did not influence basal or micro.
bead-induced cell phospholipogenesis. present. Although this modest increase in AIB-1-14C C/M ratios was, in every instance (eight experiments), statistically significant (P < 0.05 to P < 0.02), the increase in AIB accumulation was not related to the volume of microbead suspension used (Fig. 9) . Cell polystyrene uptake in these experiments ranged from 227±28 /Ag/10 cells (37. AIB-1-74C uptake (Fig. 10) .
No stimulatory effect of added microbeads was seen when boiled thyroid cells were used in any of the experimental systems studied here. Stolc and Tong (1) suggested that the phagocytosisinduced increase in iodinating activity in thyroid cells and leukocytes was associated with augmented peroxidase activity. We therefore studied the effects of aminotriazole, a known inhibitor of thyroid peroxidase (22) (23) (24) on phagocytosis-induced changes in thyroid cell function. Aminotriazole, 10-10' M, did not influence the stimulatory effects of TSH-or microbead-induced phagocytosis on cell iodide trapping, adenyl cyclase activation, protein/RNA synthesis, or AIB transport; however, aminotriazole, 5 X 10' M, did abolish the increase in 8P incorporation into cell phospholipids induced by TSH or latex microbeads without altering basal phospholipogenesis (Fig. 11) .
The effects of microbead-induced phagocytosis on thyroid cell function, alone and in combination with TSH or DBcAMP, are summarized in Table IV. DISCUSSION Stimulation of endocytosis is a very early effect of TSH on thyroid (25) . However, the relationship of the endocytotic process to the many other TSH effects on thyroid is not clearly defined. Since phagocytosis in isolated thyroid cells is a presumed model for in vivo endocytosis of colloid (13, 14) , the primary aims of this study were: (a) (14, 40, 41) .
In this regard, note should be made of recent findings in the laboratories of Williams and Wolff (42) 
